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INTROD UCTION

Laser Raman spectroscopy can be used for in situ analysis of corrosion product

fil ms on meta l sur faces in gaseous and aqueous env ir onmen ts (1 ).  The techn iq ue can

provide quick and unambiguous identifica tion of compounds present in surface films

as thin as 50 A (2). Since water and most gases give very weak Raman spectra , there

is little spectral interference by the corrosi ve environment , and metal samples can

be examined undisturbed while corrosion proceeds .

In order to identify compounds resulting from metal oxidation it is , of course ,

necessary to have spectra of the pure compounds available for reference. There can

be considerable variation in the intensity of Raman scattering from one compound to

another. For In situ Raman spectroscopy to be a useful techn i que in the study of

thin corrosion films , the corrosion products mast have reasonably strong spectra .

Very few spectra of structural metal oxides have been published , so the firs t step

in such a study must be to record spectra of the compounds of interest.

Iron is by far the most important metal for corrosion research. The thin oxide

films it forms in most environments allow its use under nearly all conditions imagin-

able; however , the composition of such films is not well understood. There is experi-

mental evidence evidence that the products of iron oxidation in air and in pure oxygen

are FeO, Fe30~, c&-Fe203, y- Fe203, 0,-FeOOH , and y-FeOOH (3-7). The products of aqueous

corrosion have been reported as Fe30~, ~y-Fe203, 0,-FeOOH , and y-FeOOH (8-11). To use

Raman spectroscopy to analyze surface film6 on iron , spectra of these compounds are

required but only that of cz-Fe203 is available in the literature (12). In this study ,

we have recorded Raman spectra of polycrys tall ine samples of the above named i ron corn-

pounds and used them to identify corrosion product films to demonstrate the capability

of this experimental technique in characterizing oxide films on i ron surfaces . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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EXPER IMENTAL

Several oxides of i ron are readily avail able as reagent grade powders . Ferrous

oxide , FeO , was purchased from Pfal tz and Bauer , Inc ., Fe30~, from Amend Drug and

Chemical Company , and c~-Fe~03, from Alfa Products , Inc.

Crystalline ct—FeOOH was precipitated by hydrolysis of 0.1 M ferric oxalate solu-

tion at the initial pH of 6.5 (adjusted by the addition of 1 M NaHCO3 solution) (13 ,14).

The solution was held at 100°C for 45 minutes and allowed to cool . The resulting

precipitate was washed with dis tilled water , separated from the solution by centri-

fugation , and dried at room temperature .

Hydrolysis of a ferrous chloride solution formed y-FeOOH . A solution of 20 g

FeC1 2•4H20 in 500 ml of water was added to 100 ml of 2 M hexamethylene tetramine solu-

tion , giving a blue-green Fe(OH)2 precipitate . To this was added 100 ml of 1 M NaNO2

solution and the mixture was held at 60°C for three hours (15 ,16). After cooling,

the rust-colored precipitate was removed by filtration , washed with water , and dried

at 100°C. The identity and purity of the compounds synthesized were confirmed by

their infrared absorption spectra (17).

Rarnan spectra were recorded with a Spex Industries Model 1401 double mono-

chrornator using a photon counting detection system. A Coherent Radiati on Labora-

tories Model 52 argon ion laser was used as the excitation source. Both the 488.0

and 514.5 nni wavelength laser lines were used and the power at the sample was approxi-

mately 500 mW. In the sample compartment of the spectrometer , the ion compounds , in

the form of KBr-iron oxide pellets , were held at a 20° angle from the vertical laser

beam. The angle of incidence of the beam has a strong effect on the intensity of

the Raman scattered light collected from a flat , opaque surface , so the angle was

chosen to give the most intense spectra possible (2). To examine surface films on

Armco iron samples , the same arrangement was used. Flat , rectangular i ron samples

were held at the same 20° angle from the incident beam.
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Armco i ron samples were mechanically polished and washed with distilled water

before being placed in a preheated laboratory furnace. After hi gh temperature ex-

posure for a specified time , the samples were allowed to cool to room temperature

and Raman spectra of their surfaces were recorded .

RESULTS AND DISCUSSION

In addition to identifying specific compounds , vibrational Raman spectra can

be used to identify different crystalline forms of the same compound. This is a

valuable asset in the study of iron oxidation because nearly all the oxi des of

i ron can exist as two or more polymorphs . The spectra of the two most common forms

of FeOOH are shown in Figure 1. Although their chemical compositions are the same ,

different crystal structures and , therefore , different bonding and symmetry cause

very different Raman spectra. The strong bands at 397 (ct- FeOOH) or 252 cm 1 (y- FeOOH)

ininediately identify the two oxyhydroxides; no other iron oxide has been found to

have bands at these positions.

The Raman bands observed from i ron oxides are listed in Table I. As shown in

Figure 2, the spectra recorded from FeO and Fe3O~ samples are identical . The samples

consist of two distinct compounds , as confirmed by their X-ray diffraction patterns ,

but the spectra are the same . It may be that the vibrations which cause Raman bands

in Fe3O~ are due to Fe-O bonds which are nearly identical to those of FeD , but we

believe a more likely explanation is that the FeO , which is unstable at temperatures

below 570°C (18), is decomposed by the laser. The problem of sample decomposition

is a comon one when opaque samples are examined using relatively intense laser ex-

citation . Visible light is strong ly absorbed by black FeO , and heating due to the

absorption of the excitation beam may transform it into Fe3O~ and Fe , the stable

species at room temperature . Both Fe3O~ and FeO are black and present problems with

decomposition in the laser beam. After a period of exposure , spectra l intensity de-

creases and the surface of a pellet of either compound may be visibly changed . The
_ .._a_ .... —_ --,-- -- ~~~~~~~~~~~~~~~~~~~~~ - - .——.—- —--- - —--—-----—- -  . -- -----—- - - - — -
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Decomposition due to the exci tation beam seems to be less of a problem with the

red-brown compounds , c~- and y- FeOOH and ct- Fe2O3 . Probably because decomposition

is slower and absorption is less , the red-brown compounds give more intense spectra

than Fe3O~. The difference in spectral intensity is demonstrated in Figure 3, which

shows the spectrum of a mixture of 90% Fe3O1~ and 10% c~-Fe2O3 by weight. In spite

of the concentration difference , the bands due to ferric oxide , c~-Fe2O3, are as

strong as those of Fe3O~. Because of the wide variation in spectra l intensities

among these compounds , it is not possible to determine exactly a single minimum

concentration necessary to observe the spectrum of a minor component in a mixture .

As little as 5% a-Fe2O3 can be identified in Fe3Ok but , in a mixture with Fe30~ as

the minor component , at least 30% Fe3O~ is required before it can be seen in t-Fe 203.

The intensities of the FeOOH spectra are midway between Fe30 4 and i~-Fe 30. so their

minimum detectable concentrations are between 5 and 30%.

Due to the simplicity and relatively large spacing of bands in the Raman spectra

of i ron oxides , identification of compounds in a mixture is not difficult. Unlike

the broad , overlapping bands of infrared spectra of these compounds (19), the rela-

tively narrow Raman bands allow immediate identification of compounds in a mixture .

As an example of the ability of Raman spectroscopy to characterize corrosion

product films on i ron surfaces , we have examined polished Armco i ron plates which

were oxidized in air in a laboratory oven . Spectra resulting from oxidation at

250°C are shown in Figure 4. The Raman spectra identif y the surface film as Fe 3O~
and ct-Fe203. The Fe3O~ bands at 616 and 663 cm ’ can be seen in all three spectra ,

while at first only the strongest Fe203 bands can be seen . After 217 hours of ex-

posure all seven bands of c~-Fe 2O3 are visible. Bands due to both compounds increase

in intensity throughout the exposures , indicating that both the Fe 30. and c*-Fe2O~

l ayers are thickening. 

~~. S.-. _ . _ _ . .-. --—— -‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Raman spectra of surface films as thin as 50 A on a metal surface have been

reported (2), but the minimum film thickness r~-~ssary for compounr~ identification

depends on the Raman scattering strength of the film. After oxidation under condi-

tions similar to those reported here, Poling (19) found an oxide film thickness of
0 0

approximately 500 A for a 50 hour exposure at 250°C. An c~-Fe2O3 film of 100-200 A

is probably necessary as a minimum before spectra useful for identification can be

obtained with a single scan ; for a thinner film the bands are not discernible above

the noise. For other compounds , the minimum film thickness can vary greatly, depend-

ing on Raman scattering characteristics .

CONCLUSIONS

Raman spectra of the oxides of iron can be obtained with little difficulty

using conventional instrumentation . The spectra can be used to identify the compounds

and to specify which polymorphs of the compounds are present in thin films on i ron

surfaces . Spectra of thin surface films are i dentical to those of the pure compounds

comprising the films .

There is considerable variation in intensity of Raman scattering from these 9

oxides. The black compounds , FeO and Fe30~, give weak spectra , whereas those that

are li ghter in color , c~-Fe2O3 , o~-FeOOH , and y-FeOOH , give stronger spectra . Decomposi-

tion of samples in the laser beam is a problem with FeO and Fe3O~ and , possibly, the

use of techniques to minimize decomposition such as rotating the sample or using

different wave l ength excitation might give stronger spectra . These two oxides have

been found to give identical spectra . While the reason for this is not known , it

is proposed that the FeO is decomposing in the laser beam to give the more stable

Fe3Q~.

- - ~~~~~~~~~ - - - . . -~~~~~~~~~~~~~~~~ - “ .--- ~~~~~~ -~~~~~~~~~~~~~~~ —~~~~~~~ - - -
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TABLE I

Fre quenc ies Of Iron Ox ide Raman Bands

Compound Band Positions (cm 1)

0,-FeOOH goethite 298 397 414 474 550

y-FeOOH lepidocrocite 252 380

FeO wiistite 616 663

Fe3O~ magnetite 616 663

ct-Fe203 hematite 227 245 293 298 414
501 612

I 
.. -—- -~~~~~~——~~~~~~~~~~~~~~ - --------- - - -
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FIGURE CAPTIONS

Fi gure 1 Raman spectra of ct- and i-FeOOH in KBr pellets . The apparent
band marked with an asterisk is a grating ghost.

Figure 2 Raman spectra of reagent grade FeO , Fe3O~, and a-Fe2O3 in KBr
pellets . Features marked with an asterisk are due to grating

4 ghosts .

Fi gure 3 Raman spectrum of a mixture of 90% Fe3O~ and 10% cz-Fe203 by wei ght
in a KBr pellet.

Fi gure 4 Raman spectra of the surface of Armco i ron oxidized in air at 250°C
for 50, 217, and 380 hours . Full scale on the 50 and 217 hour
spectra is 1000 counts/sec . , for the 380 hour spectrum it is
3000 counts/sec.

L - .

—. .

~ 

A



-10-

RAMAN INTENSITY

0o~
.

0

7 w

-n
~~~~1m

C
rn 0

I

-<

C-)

r.~)0-~0 -

LL~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~



- - ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ‘— —=—--.-~~ ~~~T’~~~~ ~~~~~~~ r- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . —  - 
-

----- ~-

—1 1—

RAMAN INTENSITY

0~0

~~~~~ M
~~ 0
I Cs

~1

m . fl
0 Cs
C prn
z 9*
C) 

-TI-< 0~ 0
0 0

C)

0 -
~~~~~~~~~~~~~~~~~~~~~~~~

0 .



— 12—

RAMAN INTENSiTY -

-.4
0•
0

~00

~1
S

:~
0

-n

rn
o 0
C at
ffl 0”z 0

C)

C)

(.14

0

I 



13

RAMAN INTENSITY

0

0
0

~T~
(0t4

rn —

0 0
C

z
C-) Cl)

-C

C) .~~~~

~~ 0

r%)
0
0

_ _ _ _ _ _ _  

~~~~~~~~~~ - - - -- .~~~~~~~-.~~~~ -- ----—~~~~~~---



—14—

C
Ju.iy 1977

SUPPL~~~~ TABX DIST IBUTION LIST

Technical and Su ary Report s

Dr. T. R. Beck Professor R . H. Heiderabach
Slectrochemical Techno1o~~’ Corporation University of Rhod.e Island
10035 31st Avenue, NE Department of Ocean Engineering
Seattle , WA 98125 Kingston , RI 02681

Professor I. M. Bernstein Professor H. Kerma.n
Carnegie-Mellon University State University of New York
Schen.ley Park Material Sciences Division
Pittsburgh, PA 15213 Stony Brook, 1~( 117914

Professor H. K. Birnba~~ Professor J. P. Hirth
University of Ill inois Ohio State University
Department of Meta].1ur~~r Metallurgical Engineering
Urbana, IL 61801 Columbus , OH 143210

Dr. Otto Buck Dr. I) . W. Eoeppner
Rockwell International University of Missouri
10149 Camino Dos Bios College of Engineering
P.O . Box 1085 Columbia , MD 65201
Thousand Oaks , CA 91360

Dr. B. W. Johnson
Dr. David L. Davidson Westinghouse Electric Corporation
Southwest Research Institute Research and Development Center
8500 Culebra Road 1310 Beulah Road
P .O. Drawer 28510 Pittsburgh , PA 15235
San Antonio , TX 782814

Dr. F. I4ansfeld.
Dr. D. J. Duq~uette Rockwell International Science Center
Departm.ent of Metallurgical Engineering 10149 C~~.ino Dos Bios
Rensselaer Poly-technic Institute P .O. Box 1085
Troy , NY 12181 Thousand Oaks , CA 91360

Professor R. T. Foley Professor A. H. Miller
The American University University of Notre Dame
Department of Chemistry College of Engineering
Washington , DC 20016 Not re Dame , IN 146556

Mr. G. A. Gehring Dr. Jeff Perkins
Ocean City Research Corporat ion Naval Postgraduate School
Tennessee Avenue & Beach Thorofare Monterey , CA 939140
Ocean City,  NJ 08226

Pro fessor H. W. Pickering
Dr. J. A. S. Green Pennsylvania Stat e University
Martin Marietta Corporation Department of Material Sciences
11450 South Balling Road University- Pan t , ?A 16802
Balt imore , ~C 21227



- _ _

— 1 5 —

C
July 1977

SUPPLEM~~TARY DISTRIBUTION LIST
( Cont inued)

Dr. William B. Pr indle
Natio nal Academy of Sciences
Nat ional Research Council
2101 Constitution Avenue
Washington , DC 201418

Professor B. W. Staehle
Ohio State University
Department of Metallurgical Engineering
Columbus , OH 1~321O

Dr. Barry C. Syrett
Stan ford Research Institute
333 Ravenswood. Avenue
Menlo Park, CA 914025

Dr. B. P. Wei
Lehigh University
Institute for Fractur e and

Solid Mechanics
Bethlehem , PA 18015

Professor H. G. F. Wilsdorf
University of Virginia
Department of Materials Science
~~ar 1ottesvi11e , VA 22903

___ ___ _



- 
~~~~~~~~~~~~~~~~~~ S—.— -~~ tn’- .- -, ,—r- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---- — — -~~~~~~~~

—16—

BASIC DISTRIBUTION LIST October 1976

Technical and Summ~ ry Report s
No. of No. of

Organization Copies Organization

Defense Doc~~entation Center Nave]. Construction Bata.llion
Cameron Station Civil Engineering Laboratory
A.].exand.ria, Virginia 22311e (12) Port Bueneme , California 930143

Attn : Materials Division (1)
Office of Nave.]. Research
Department of the Navy Naval. Electronics Laboratory Center

San Diego , California 92152
Attn: Code 1471 (1) Attn : Electron Materials

Code 102 (1.) Sciences Division (1)

Code 1470 (1)
- Nave]. Missile Center

• Co~~andi ng Officer Materials Consultant
Office of Naval. Research Code 3312—1
Branch Office Point Mugu , California 930141 (1)

1495 Summer Street
Boston , Massachusetts 02210 (1) Cr!?!~nAnd.ing Officer

Naval Surface Weapons Center
Commanding Officer Whit e Oak Laboratory
Office of Naval Research Silver Spring, Maryland 20910
Branch Office Attn : Library (i)

536 SOut h Clark Street
Chicago , Illinois 60605 - 

(1) David W. Taylor Naval Ship R&D Center
Materials Department

Office of Naval. Research Annapolis , Marylan d 211402 (1)

San Francisco Area Office
760 Market Street , Boom 14147 Naval Undersea Center
San Pranc~ sco , California 94102 San Diego , California 92132
Attn : Dr. P. A. Miller (1) Attn : Library (1)

Naval Research Laboratory Nave.]. Underwater System Cent er
Washington , D.C . 20390 Nevport , Rhode Island 02840

Attn: Library (1)
Attn: Code 6000 (1)

Code 6100 (1) Navel Weapons Center
Code 6300 (1) China Lake, California 93555
Code 61400 (1) Attn : Library (1)
Code 2627 (1)

Naval Postgraduate School
Nave.]. Air Develo~~ent Center Monterey , California 939140
Code 302 Attn : Mechanical Engineering Dept . (1)
Warminster , Pennsylvania 189714
Attn : Mr. ~~

‘. ~~~. Williams (i) Naval. Air Systems Co”~~nd
Washington , D. C. 20360

Naval Air Propulsion Test Center
Trenton , New Jersey 08628 At tn : Code 52031 (1)
Attn : Library (I.) Code 52032 (1)

Code 320 (1)



— 1 7 —

BASIC DISTRIBUTION LIST (Cont’d) October 1976

No. of No. of
Organization CoDies Organization Co~ies

r;aval Sea System Cô~ma~d NASA Headçuarters
Washington , D.C. 20362 Washington, D.C.  205146
Attn: Code 035 (1) Attn : Code RPM (1)

Nava l Facilities NASA
Engineering C~m~r~~d Levis Research Center
Alexandria , Virginia 22331 21000 Brookpark Road
Attn: Code 03 (1) Cleveland, Ohio 1414135

Attn: Library (1)
Scientific Advisor
Co and.ant of the Marine Cor~s National Bureau of Standards
Washington, D.C. 20380 Washington , D.C. 20234
Attn : Code AX (1)

Attn : Meta1.1izr~ ’ Division (1)
Naval Ship Engineering Center Inorganic Materials Division (1)
Department of the Navy
~~R BG #2 Defense Metals and. Ceramics
3700 East—West Highvey Information Center
Prince Georges Plaza Ratteile Memorial Institute
Iiyattsville, Maryland 20782 505 King Avenue

~~~ Attn : Engineering Materials and. Co1~~bu.s, Ohio 143201 (1)
Services Office , Code 6101 (1)

Director
Army Research Office Ordnance Research Laboratory
Box CM , Duke Station P .O. BOX 30
Durh am , North Carolina 27706 State College , Pennsylvania 16801 (1)
Attn : Metallurgy & Ceramics Div. (1)

Director Applied Physics Laboratory
Army Y.aterials and Mechanics University of Washington
Research Center 1013 Northeast Fortieth Street
Wat ert own , Massachusetts 02172 Seattle , Washington 98105 C1)
Attn : Res . Programs Office

(~~~~~~ P) (1) Metals and Ceramics Division
Oak Ridge National Laboratory

Air Force P .O . Box X
O fice of Scientific Research Oak Ridge , Tennessee 37380 (1)
Bldg . 1410 

- -

Boiling Mr Force Base Los A1a~~ s Scientific Laboratory
Washington , D.C. 20332 P .O. Box 1663
At tfl : Chemical. Science Directorate (1) Los Alamos , Nev Mexico 8751414

Electronics end. Solid State Attn : Report Librarian C ] )
Sciences Directorate (1)

Argonne National Laboratory
Air Farce Materials Lab (LA ) Metallurgy Division
Wright—Patterson ~.FB P .O . 3ox 229
Dayton , Ohio 1451433 (3. ) Lemont , Illinois 60439 (1) 

-~~-~~~~~~----~



—18—

BASIC DISTRIBUTION LIST ( Cont ’d. ) October 1976

No. of No. o~
2~~~~~~~ tion Copies Or ganization

Brookhaven Nat iona l. Labo ratory
Technical. Information Division
Lipton, Long Island
New York 11973
Attn: Research Library (1)

Library
Building 50 Room 1314
Lawrence Radiatio n Laboratory
Berkeley , California (i)

iI
~~~

..- - ,
-~~ 

- -

.

-~~ - - .
~ -~~ ~~~~~~~ ~~~~~-~~~~~~~ — —— -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ --


